Abstract The present research shows the results of possible effects of climate change on runoff and soil loss in a rainfed basin located in the Alt Penedès and Anoia region (NE Spain). Viticulture is an important economic activity in this region, and vines for the production of high-quality wines and ''cavas'' are the main land use. Climate data for the period 2000-2012 and detailed soil and land use maps were used as input data for soil and water assessment tool to model the effects of climate change. The analysis compared simulated results for years with different climatic conditions during that period with predicted temperature and precipitation data for 2020, 2050 and 2080 based on data obtained from the Hadley Centre Coupled Model, version 3, A2 scenario and the trends observed in the area. The research confirmed the difficulty of predicting future soil loss in this region, which has very high inter-annual climate variability. Despite only small changes in precipitation, the model simulated a decrease in soil loss associated with a decrease in runoff, mainly driven by an increase in evapotranspiration. However, the trend in soil losses may vary when changes in precipitation balance the increase in evapotranspiration and when rainfall intensity increases. An increase in maximum rainfall intensity in spring and autumn (main rainy seasons) produced significant increases in soil loss: as high as 12 % for the 2020 scenario and 57 % for the 2050 scenario.
Introduction
Climate change adds an element of uncertainty to the magnitude of erosion processes. These processes, frequently observed in the Mediterranean region, could be considerably affected by predicted changes in rainfall characteristics. Different studies carried out in the Mediterranean region suggest that notable changes in seasonal precipitation regimes occurred during the second half of the twentieth century. For example, in Spain, González-Hidalgo et al. (2010) and Ramos et al. (2012) observed changes affecting the main rainy seasons, with a negative trend in spring (between March and June in all Spanish basins) and a positive one in October. In an analysis carried out for the period 1901-2008 in France, Hirschi and Seneviratne (2010) observed a decreasing trend in spring-to-autumn correlations. However, precipitation extremes seem to increase in association with global warming (Easterling et al. 2000; Klein Tank and Können 2003; Kharin et al. 2007 ), which may favour erosion processes (Favis-Mortlock and Boardman 1995; Ramos and Martínez-Casasnovas 2009) .
Agriculture, and in particular perennial crops, may be extremely vulnerable to climate change. Changes in temperature, associated with a more irregular distribution of rainfall which affects crop production, tend to result in an increase in water demand. In addition, some typical Mediterranean land uses with only limited soil cover, as in the cultivation of vines, olives, almonds and/or hazelnuts, are usually associated with higher rates of erosion (Kosmas et al. 1997) . In these cases, the increase in the number of extreme precipitation events may have an additional impact, with greater water volumes being lost to runoff and higher erosion rates. These increasing erosion rates imply not only a soil threat that affects the sustainability of the ecosystem, but also significant economic losses for the agricultural sector. The economic impact of soil erosion is difficult to quantify, although it is known that it also affects nutrient losses and supposes additional labour costs in the fields. Estimations carried out in the study area indicate that soil losses in vineyards represent about 9 % of income from grape sales (Martínez-Casasnovas and Ramos 2006) . Other authors have estimated the cost of nutrient losses by erosion at $2.10 per Mg of eroded soil and have also calculated additional costs related to off-site effects (Iowa Learning Farms 2013) . In addition, large-scale estimations in Europe (Panagos and Montanarella 2014) indicate that the cost of soil loss ranges between 0.27 and 5.7 €/ha year -1 , depending on the land cover.
Predictions of the impact of climate change on erosion rates have been made for several different environments and according to different scenarios Dadson et al. 2010; Zhang et al. 2012) . One of the various models used for these predictions is the Soil and Water Assessment Tool (SWAT), which includes mechanisms to model the effects of climate change. SWAT has been applied by several authors with this purpose in mind, though mainly in large basins (Nunes and Nearing 2011; Bang et al. 2013; Mukundan et al. 2013) .
Given the importance of the sustainability of vine cultivation in Mediterranean areas, the objective of the present study was to analyse the possible effects of climate change on runoff and soil losses in a sample rainfed basin with a Mediterranean climate mainly cultivated with vines. The SWAT model was used to simulate annual runoff and soil losses using daily data for the period 2000-2012, which includes years of differing characteristics. Two years were selected as representative years of average precipitation but with different rainfall distributions throughout the year, and a wetter year was additionally selected, which included some extreme rainfall events. The results obtained for these years were compared with values simulated for three future scenarios (2020, 2050 and 2080) based on data obtained from the Hadley Centre Coupled Model, version 3, A2 scenario and the climate trends observed in the study area.
Materials and methods

Study area
The basin studied was located in the Anoia region (41°31 0 97 00 N, 1°48 0 33 00 E, 340 m a.s.l), about 40 km northwest of Barcelona (Spain). It has a total area of 0.46 km 2 , with slopes ranging from 1 to more than 15 % (Fig. 1) . The main land use in the basin (about 62.9 % of the land surface) is vine cultivation (Vitis vinifera), with vines included in the Penedès Designation of Origin (DO). Other crops grown in the basin, such as olive trees (Olea europaea), alfalfa (Medicago sativa) and winter barley (Hordeum vulgare) as well as winter pasture, represent 27.8 % of its land use. The rest of the land is occupied by urban areas and transport routes (paved and un-paved roads). This basin may be considered representative of the land use of the Penedès-Anoia viticultural region, whose landscape is quite fragmented and dissected by gullies (Martínez-Casasnovas 2003) .
The soils had developed on alluvial deposits dating from the Pleistocene Epoch, which covered a substratum of Miocene marls, sandstones and unconsolidated conglomerates. A high percentage of coarse elements of metamorphic origin are also present. According to the soil map (1:25,000) of the Penedès region (DAR 2008) , the most frequent soils in the basin are classified as Typic Xerorthents and Fluventic Haploxerepts. The basin drains into 74.5 ± 9.1 75.6 ± 7.7
TMaxM, average maximum air temperature ± standard deviation for month; TminM, average minimum air temperature ± standard deviation for month; PPM, average amount ± standard deviation of rainfall falling in month; ndPM, average number of days with precipitation in month; RIHHmax, extreme half-hour rain per month; WINM, average wind speed ± standard deviation in month; SRM, average solar radiation ± standard deviation per month; RH, average relative humidity a gully system, which is characteristic of the landscape of the region in which it is located (Martínez-Casasnovas and Ramos 2009).
Runoff and soil loss simulation: soil and water assessment tool
The Soil and Water Assessment Tool (SWAT) ) was used to model the effects of climate change on runoff and soil losses. SWAT simulates the hydrological water balance of the basin on the basis of hydrological response units (HRU), which are obtained from a combination of soil, land use and slope degree characteristics. The model operates on a daily time step. Flow and water quality variables are routed from the HRU to subbasins and subsequently to the watershed outlet. SWAT simulates hydrological processes as a two-component system comprised of surface hydrology and channel hydrology, as described by Neitsch et al. (2011) . It integrates various models: the soil conservation service curve number technique (USDA-SCS 1985) is used to estimate runoff rates; the modified soil loss equation, MUSLE (Williams and Berndt 1977) , is used for erosion and sediment yield at basin scale; and the routing of channel sediment is simulated through a modification of Bagnold's sediment transport equation (Bagnold 1977) . Simulations in this work were carried out using ArcSWAT 2009.93.5, run at daily time steps.
SWAT input data
The required inputs for SWAT, referring to climate, soil and topographic characteristics, as well as management practices and operations, are described below. (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) of maximum and minimum temperatures, precipitation, solar radiation, relative humidity and wind speed were considered when running the model. The average values of these variables are shown in Table 1 . Precipitation was also recorded at 1-min intervals at the basin outlet, in order to determine the rainfall intensity. This rainfall intensity was used, in combination with the steady infiltration rate, to estimate the runoff rates.
Land use and crop characteristics
The land uses in the basin were derived from ortho-rectified aerial photographs taken in 2010 at a scale of 1:3,000 and from field work. This survey showed that vines occupied 62.9 % of the basin. Other minor crops present in the basin were the following: olive trees (4.79 %), alfalfa (8.5 %), winter barley (9.4 %), winter pasture (1.5 %) and scrub (3.6 %). Urban areas, including residential areas, paved and un-paved roads and tracks, represented about 9.3 % of the total surface area (Fig. 2) . Crop parameters were taken from the SWAT data base and updated with information that had been obtained in previous works carried out in the study area related to biomass, P and N concentrations. Crop fertilisation (composition, doses and timetable) and tillage operations (type and timetable) for each crop were supplied by the owners of the agricultural fields in the basin.
Soil and topographic characteristics
Soil characteristics were extracted from a soil map (1:25,000) (DAR 2008). Additional top soil properties, such as soil particle distribution, bulk density, organic carbon, water retention capacity (at saturation, at -33 kPa and at -1500 kPa) and infiltration capacity, were obtained from our own soil survey conducted with a density of 1 sample per ha. The locations of the samples were based on differences in the multi-spectral responses of soils, which were seen in a false colour composite of a WorldView-2 image acquired in July 2010. The soil erodibility factor (KUSLE factor) was also computed for each soil unit using the equation proposed by Wischmeier et al. (1971) . Table 2 shows the average characteristics of the main soil types found in the basin. Most of the soils analysed have loamy or loamy-sandy textures, with a relatively high proportion of coarse elements of metamorphic origin. The organic matter content of these soils is relatively low, and some soils in the basin are highly erodible (with relatively high KUSLE factor). The available water capacity and steady infiltration rate of the soils presented high variability within the basin, contributing to the generation of differences in soil water content and runoff rates. Soils are moderately deep, with maximum depths of about 110 cm. None of the soils sampled presented redox depletions, indicating a good circulation of drainage water within the soil profile.
A 1-m-resolution digital elevation model of the study area, generated from a lowaltitude photogrammetric aerial survey carried out in 2010, was also used. SWAT HRUs were defined by considering slope intervals of 0-2, 2-5, 5-10, 10-15 and [15 %. The combination of soil type, slope and land use data generated thirty-four subbasins and HRUs within the basin. The size of the different HRUs ranged from 0.1 to 5.5 ha. 
Model calibration and validation
Model calibration and validation were carried out in a previous work (Ramos and Martínez-Casasnovas 2014) using data collected from two subbasins, SB1 and SB2, in which vines were cultivated (Fig. 2) . In that work, a sensitivity analysis was conducted to identify and rank the parameters that most affected the response of the model and the rate of change of the outputs with respect to changes in the inputs. Table 3 lists the parameters used in the analysis and those that were the most sensitive. The most sensitive parameters, excluding those measured in the field, were manually changed one at a time until the best fit was obtained between measured and simulated values of soil water content, runoff and sediment yield in the two analysed subbasins. Soil water was measured in the subbasins SB1 and SB2 using TFD Decagon capacitance probes installed at different depths (10-30, 30-50, 50-70 and 70-90 cm) . The probes were calibrated by comparison with soil water contents measured by gravimetry. Runoff samples were collected after the main rainfall events recorded during the calibration period using Gerlach troughs. Runoff rates were calculated after each rainfall event by considering steady infiltration rates, estimated by rainfall simulation in each subbasin (Ramos and Martínez-Casasnovas 2010) , and the antecedent soil moisture. It was considered that rainfall whose intensity is greater than the steady infiltration rate is unable to infiltrate and runs off, as well as water that falls when the soil is under saturation conditions. The results obtained were then used in conjunction with runoff water volumes to calculate soil losses. This was done for each runoff sampling point, and the results were compared with simulated soil losses. The obtained runoff and erosion rates were compared with simulated values in the two subbasins. Model performance in the calibration and validation periods was defined on the basis of three statistics: Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970); percent bias (PBIAS, %; Gupta and Sorooshian 1999) and the ratio of the root mean square error to the standard deviation (RSR). According to the criteria proposed by Moriasi et al. (2007) , the statistics generated produced satisfactory results for both calibration and validation periods. The results obtained are given in Ramos and Martínez-Casasnovas (2014) .
Climate change simulated scenarios
Three scenarios (2020, 2050 and 2080) were simulated taking into account estimated temperature, precipitation, solar radiation and humidity. Changes in temperature, humidity and solar radiation were simulated using the CCWorldWeatherGen climate change world weather file generator V1.6 (Jentsch et al. 2012) . This model uses data of the HadCM3 A2 (Hadley Centre Coupled Model, version 3 under the A2 scenario). The generated temperature series were compared with the changes projected for the same scenarios taking into account the trends observed in the area in the last years . Figure 3a shows the changes in Tmax and Tmin simulated for the 2020 scenario with the CCWorldWeatherGen as well as the average monthly changes derived from the observed trends in the area. It can be seen that there was a good agreement on annual mean temperature, although the observed trends represented higher values in spring and autumn and slightly lower values in summer. According to the observed trends for the period 2010-2020, maximum temperature would increase by about 0.28°C, while the increase for minimum temperature could be about 0.2°C, though with a greater increase in spring (up to 0.4°C) and summer (up to 0.57°C). For the 2050 scenario, the projected annual temperature changes would be ?1.76°C for Tmax and 1.27°C for Tmin, and for the 2080 scenario, the projected changes would be ?3.3°C for Tmax and 2.4°C for Tmin, on average, with greater change ratios being observed in spring and autumn than in winter. Figure 3b and 3c shows the predicted changes in Tmax and Tmin, respectively, for the scenarios 2020, 2050 and 2080, simulated with the CCWorldWeatherGen in relation to the present day. Similarly, Fig. 4 shows the simulated changes for a) relative humidity (RH) and b) solar radiation (SR) for the three scenarios. Changes in solar radiation ranged between 1 and 12 %, and changes in relative humidity varied between \1 % in the winter months and about -16 % in summer.
For precipitation, the high variability from year to year observed in the area made it difficult to establish clear trends. The trends observed by Ramos et al. (2012) implied only small changes in rainfall. Total precipitation did not change significantly, but a slight tendency for spring precipitation to decrease (0.25 % per year) and for late autumn-winter precipitation to increase (0.42 % per year) was observed. Downward trends were observed in summer and early autumn, although at a smaller rate (0.089 and 0.025 % per year, TmaxA, mean maximum temperature; TminA, mean minimum temperature; Tmax, absolute maximum temperature; Tmin, absolute minimum temperature; FD, number of frost days; ETc, evapotranspiration; ndT90p, number of days with T [ percentile 90 %; nd10p, number of days with temperature below the percentile 10 %; HWDI, (Ramos and Durán 2014) . In addition, 30-min rainfall intensity, commonly used to estimate rainfall erosivity, also showed an upward trend over the same period (Fig. 5) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) than in previous years. The EHP observatory, the higher of the two observatories, recorded greater changes in rainfall intensity as well as the highest values (up to 78.8 mm h -1 in EHP and about 70 mm h -1 in VP). Taking into account all these observations and the different rainfall patterns recorded in the area, a simulation of climate change effects on soil erosion was carried out for 3 years with different rainfall characteristics. The selected years were 2003 (year 1), 2007 (year 2) and 2011 (year 3). The rainfall distribution of these years is presented in Fig. 6 . Year 1 and year 2 recorded similar amounts of total precipitation, which was close to the average in the area. Rainfall was mainly concentrated in spring and autumn, but with different annual distributions and patterns of rainfall intensity. In year 1, precipitation was greater in spring than in autumn, while the opposite was observed in year 2. Year 3 was the wettest year, with precipitation more homogeneously distributed throughout the year and with 2 extreme events that each recorded more than 70 mm. Year 3 may be a good example of a situation which is occurring with greater frequency, namely an increasing number of extreme events which make a significant contribution to the amount of annual rainfall. Additionally, based on the observed trends of rainfall intensity, the influence of 10 % and 20 % increases in rainfall intensity was evaluated for the 2020 and 2050 scenarios. The effects of the changes of different variables (temperature, solar radiation, humidity and precipitation) were simultaneously analysed. In addition, the variations in rainfall intensity were considered. Table 4 shows the average values of various annual temperature and precipitation variables for the period 2000-2012. Temperature variables included mean maximum (TmaxA) and minimum temperature (TminA), maximum (Tmax) and minimum temperature (Tmin), as well as some parameters related to extremes such as number offrost days (FD), number of days with temperature [ percentile 90 % (ndT90p) and \ percentile 10 % (nd10p) and duration of heat waves (HWDI). Precipitation variables refer to total annual precipitation (Pan), number of rainy days (ndP), maximum 24 h rainfall (Pmax) and number of extreme events (events that recorded P [ 95 percentile) (nd95), as well as the precipitation that these events represented in relation to annual precipitation (PndP95). Mean annual temperature ranged between 20.0 and 21.9°C, while mean minimum temperature ranged between 9.3 and 11.9°C. This period included some of the warmest years recorded in recent decades, with a mean maximum temperature about 1.3°C higher than in the period 1970-2000 (Camps and Ramos 2012 ) and a corresponding difference in minimum temperature of about 1.39°C. Other indices were also higher, including the length of heat waves (average value of 45 days vs. 32.7 days and with a longest period of 67 days) and the number of days with temperature [90 percentile (50 vs. 31.1 days). Annual evapotranspiration increased at a ratio of about 1.125 mm per year during the period analysed, whereas the ratio of change in the period 1970-2000 was 0.649 mm per year. These results therefore help to illustrate the potential effects of climate change in the area, despite the high degree of variability from year to year.
Results
Climatic characteristics
In relation to precipitation, average annual precipitation was about 550 mm during the period 2000-2012, ranging from 329.8 to 751.5 mm and mainly distributed in spring and autumn. This value did not differ significantly from the average in the area related to longer periods (Camps and Ramos 2012) . The number of rainy days (P [ 1 mm) ranged between 35 and 68 and maximum 24-h rainfall between 31.5 and 97.7 mm. The number of events with precipitation greater than that corresponding to the 95 % percentile (extreme events) ranged between 1 and 5, and precipitation recorded in those events represented between 9.3 and 41.4 % of annual rainfall.
Regarding the 3 years selected for the simulation (2003, 2007 and 2011) , maximum precipitation in 24 h differed considerably (46.4, 68.4 and 86.9 mm, respectively) and the number of days with precipitation [1 mm was 64, 50 and 45, respectively (Table 4 ). The number of days on which precipitation was greater than the 95 % percentile (extreme events) was 3 in each of the 3 years, but represented, respectively, 38.6, 26.4 and 41.4 % of annual rainfall. Maximum rainfall intensity in 30 min recorded during these years ranged between 9.2 and 10.4 mm h -1 . Table 5 shows the results of annual simulations for the years 2000 to 2012 (the years 1998 and 1999 were used as SWAT warm-up period). Due to the soil characteristics, a significant amount of rainfall infiltrated the soil profile, but then moved as subsurface flow Pan, annual precipitation; Sur Q, surface runoff; LatQ, lateral flow-subsurface runoff; GwQ, groundwater flow; Percol, percolation; Water yield, total water flow out of the basin; Sed Yield, total soil loss from the basin) (Lat Q). This represented between 5.4 and 19.2 % of annual rainfall. This result was subsequently confirmed in the field by soil water content measurements. Figure 7a shows the evolution of soil water content in the soil profile during a 2-year period in the SB2 subbasin, and total soil water in the profile measured and simulated by the model is shown in Fig. 7b . It can be observed that soil water did not significantly change after some rainfall events (particularly after those of high intensity). In addition, soil water did not change homogeneously in the whole profile due to differences in soil properties between layers. However, average soil water content in the soil was relatively well simulated by the model. For the period analysed, runoff (Sur Q) varied from year to year, with values ranging between 16.1 and 126.8 mm. This represented between 4.4 and 18.8 % of total annual rainfall, with an average ratio of about 12 %. Runoff rates represented between 25.5 and 63.5 % of water yield with large differences between dry and wet years. Sediment yield soil losses simulated for the 3 years in one of the subbasins (SB2). The differences in rainfall distribution produced differences in initial soil water conditions, which influence runoff rates. Sediment yield in year 1 was estimated at 5.99 Mg ha -1 year -1 , (similar to the average value for the area), while in year 2, soil loss was estimated at 1.6 Mg ha -1 year -1
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, and in year 3, at 9.8 Mg ha -1 year -1 . The differences in the response can be attributed to the rainfall characteristics and the initial soil water conditions (Fig. 7) . It can be seen that in 2003 and 2011, most soil loss was recorded in a small number of events, which were separated by long dry periods. In 2003, the rainfall events that generated higher soil loss were recorded in autumn, while in 2011, the main erosive events were recorded in spring.
Nevertheless, erosion rates in some parts of the basin, particularly in areas close to the basin outlet cultivated with vines, may be much higher than the simulated average for the analysed years. Figure 9 shows the distribution of soil losses simulated in the basin for the three selected years. For 2003 and 2011, in which higher erosion rates were simulated, soil losses in vineyards were higher than 10 Mg ha -1 in many areas, while for other crops like . These values were confirmed for 2011, which was included in the model calibration (Ramos and Martínez-Casasnovas 2014) .
The influence of climate change on soil loss
The results of the simulation for the projected rainfall distributions (2020, 2050 and 2080 scenarios) were compared with those obtained for the present situation in Table 6 . The model responded to increased precipitation by generating an increase in runoff and sediment yields. However, in the first step, when all the variables except rainfall intensity were changed, for the 2020 scenario, the increase in temperature gave rise to an increase in evapotranspiration and a decrease in soil water content. Precipitation rose only slightly, which was not enough to balance the increase in evapotranspiration. The result was a decrease in runoff, and soil loss was lower than at present. However, for the 2050 scenario, the small change in precipitation was enough to offset the increase in evapotranspiration. In that case, runoff increased as did soil loss. Soil loss would be up to 5.6 % greater than at present for 2050 and about 12 % greater for 2080 in years with higher autumn rainfall precipitation and extreme events (years 1 and 3). In year 1 and year 3, despite the differences in total soil erosion, the change ratios moved in the same direction. However, no significant differences were found for year 2, for which soil losses were low.
Nevertheless, it should be underlined that the main changes in soil loss appeared when rainfall intensity varied. For the same rainfall distribution, a 10 % increase in intensity in Pan, annual precipitation; Sur Q, surface runoff; LatQ, lateral flow-subsurface runoff; GwQ, groundwater flow; Percol, percolation; SW, soil water; ET, evapotranspiration; Water yield, total water flow out of the basin; Sed Yield, total soil loss from the basin) year 1 produced an increase in soil loss of between 8 and 10 % for the 2020 scenario and of between 10 and 13 % for the 2050 scenario. An increase in intensity of 20 % could therefore increase soil loss by up to 57 % for the 2050 scenario (Table 7) . For year 2, although erosion rates were lower, the change ratios for the 2050 scenario were the highest. Figure 10 illustrates the changes in soil loss within the basin simulated for the 2020 and 2050 scenarios as well as changes in rainfall intensity.
Discussion
For the period analysed (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , the simulation that was undertaken gave high runoff rates not only in wet years, but also in relatively dry or normal years, like 2006 and 2009. These high annual runoff rates were usually due to a low number of rainfall events, which were mainly recorded in autumn and the rates were of the same order of magnitude as those reported by other authors for Europe and the Mediterranean area. In this respect, Maetens et al. (2012) cited runoff rates of 5-10 % in a study comprising 227 plot-measuring sites.
The simulated soil loss presented high variability from year to year, depending on rainfall characteristics. Nevertheless, in most of the years, the values represent a soil threat, as soil losses over 1 or 2 Mg ha -1 year -1 are irreversible (Panagos and Montaranella 2014) . Within the basin, the highest erosion rates occurred in the areas near the basin outlet, or where the soil had been highly disturbed by levelling operations before vineyard establishment. The erosion rates obtained for the study area were in line with those observed in other research works relating to vines grown in the Mediterranean area. Kosmas et al. (1997) reported soil losses of between 0.67 and 4.6 Mg ha -1 year -1 in different Mediterranean countries (Portugal, Spain, France, Italy and Greece). Ruiz Colmenero et al. (2013) found soil losses of 5.88 Mg ha -1 year -1 in vineyards with traditional management, although Bienes et al. (2012) reported soil losses of up to 20 Mg ha -1 year -1 in the same areas. In the area where the study basin was located, higher erosion rates were also measured at plot scale; for example, losses of up to 18-22 Mg ha -1 were measured after a period of high-intensity autumn rainfall (Ramos and Porta 1997) . Other results in the same area have shown erosion rates of between 15 and 25 Mg ha -1 year -1 in vineyard plots that had been previously levelled (Ramos and Martínez-Casasnovas 2010) . Similarly, for vineyards with bare soil, Maetens et al. (2012) The high variability observed from year to year makes it difficult to draw conclusions about the influence of temperature and precipitation changes on erosion rates. It can, however, be seen that four of the 5 years with the highest simulated soil losses (similar to or [7.5 Mg ha -1 year -1
) were recorded in the period 2008-2011. The increasing soil losses (simulated as well as observed) are in agreement with the increasing tendency for extreme events referred to by other authors (Kharin et al. 2007; Ramos and Martínez-Casasnovas 2009) and provide information about the impact of climate change on soil erosion processes.
The model was run at daily scale, which may not reproduce well the changes in precipitation and intensity. Even so, by modifying the monthly maximum rainfall intensity, it was possible to obtain an idea of the influence of climate change on soil erosion. For the years analysed, an increase of 10 % in rainfall intensity, which has already been observed in the area, increased soil loss by between 8 and 10.3 % for the 2020 scenario, and by up to 57 % for the 2050 scenario. This implies that by 2050, the impact of increasing rainfall intensity on soil erosion could be much more severe than at present, particularly when extreme and highly erosive events are increasing (Ramos and Durán 2014) . These results agree with predictions made for other areas. O'Neal et al. (2005) predicted an increase in soil losses ranging between 37 and 274 % for the period 2040-2059 in the US Mid-West, with projected runoff rates increasing by between 10 and 31 %. Similarly, Zhang et al. (2012) projected mean annual runoff and soil loss increases in rangeland in South-eastern Arizona ranging from 79 to 92 % and from 127 to 157 %, respectively, relative to the period 1970 -1999 . In Europe, van der Velde et al. (2014 simulated changes in erosion rates from 14.4 to 19.1 Mg ha -1 and from 9.1 to 9.7 Mg ha -1 , for 1981-2010 and 2071-2100, respectively, based on the reference climate data (CNTRL) and on climate data with reduced variability (REDVAR). Märker et al. (2008) for Tuscany (Italy) indicated that even with a decline in precipitation volume until 2070, higher erosion rates may occur in some months due to higher rainfall erosivity. However, other predictions indicate that soil erosion could decrease with climate change depending on local climatological and environmental conditions (Dadson et al. 2010; Scholz et al. 2008) . Dadson et al. (2010) predicted an increase in soil erosion in northern Europe by 2080, but a probable decrease for southern Europe. However, Scholz et al. (2008) predicted a decline in annual average soil losses from sugar beet cultivation in Central Europe in response to climate change. Nevertheless, the work of these authors highlights the importance of seasonal changes in climatic parameters for the discussion about the impacts of global climate change on future soil erosion rates.
Apart from temperature changes, one of the main threats in Mediterranean environments will be the greater irregularity of rainfall distribution throughout the year. It can be seen that most soil loss in 2003 and 2011 was recorded in a small number of events, which were separated by long dry periods. In 2003, the rainfall events that generated the highest soil loss were recorded in autumn, while in 2011, the main erosive events were recorded in spring. This is one of the main changes that may become more frequently observed in the study area. While spring rainfall used to be of low intensity, during recent years, the number of erosive events of high intensity has increased (Ramos and Durán 2014) . Longer dry periods and greater rainfall concentration in a reduced number of events of higher intensity may affect the risk of erosion. More extensive droughts can remove the protective vegetation cover, leaving the soil more exposed to erosion, while more intensive rains can detach more soil and produce a severe increase in erosion rates.
Although the results obtained with the simulations only refer to a relatively small basin area, this area is a representative of the land use and landscape of the region and could give a good idea of the response of this kind of agricultural system to climate change impacts. The crops cultivated in the study basin are associated with high erosion rates due to the scarce soil cover; because of this, these are the soils that could suffer the greatest increases in soil losses as a result of climate change. The simulated results show that, under the scenarios analysed in the present study, the soil loss tolerance threshold may be exceeded not only in some parts of the basin, as at present, but in most of the vineyards within the basin. This increase in soil erosion may affect the sustainability of this agricultural system under Mediterranean climate conditions and the management practices used in the area. The results highlight the need to establish conservation measures to reduce soil losses and maintain the sustainability of this agricultural system.
Conclusions
The results of this research confirm the difficulties of extracting accurate predictions of the influence of climate change on soil erosion in the Mediterranean area. High variability in soil loss was predicted from year to year. This variability was associated with differences in total precipitation, which were greater than would normally be expected under a climate change scenario. Furthermore, high-intensity events over short time periods were not well represented.
The SWAT model responds to the amount of rainfall and to changes in temperature which, in turn, influence evaporation rates. However, in the analysed period, in which the changes in precipitation were mainly changes in the distribution and intensity of rainfall, but not in total amount, some difficulties arose when trying to make suitable predictions. In order to obtain understandable results, it was necessary to take into account changes in rainfall intensity in combination with changes in other climatic variables. This is because soil losses depend on runoff, and this, in turn, on the soil-water-plant interaction and vegetation growth, which is also influenced by temperature.
This modelling application also allowed us to estimate the increase in soil erosion that vineyards may suffer in the study area as a consequence of changes in climatic variables. It was confirmed that an increase in the intensity of erosive events, similar to that observed during recent years (between 10 and 20 %), may give rise to an increase in soil loss of between 8 and 10.3 % for the 2020 scenario and up to 57 % for the 2050 scenario. These figures should be taken into account by regional planners to reorient land uses and/or management practices to avoid further land degradation.
